Precis: Lymphoma survivors have an increased risk of fatal cardiovascular events compared to the general population, particularly if diagnosed with Hodgkin lymphoma before the age of 21. Persons with a prior history of lymphoma should be targeted for cardiovascular screening and prevention campaigns. 
| BACKGROUND
The success and continued progress of cancer control strategies have resulted in a rise in the number of long-term cancer survivors. 1, 2 This growing patient population brings with it a set of unique healthcare needs that are becoming increasingly apparent. Mounting epidemiologic evidence suggests that individuals previously treated for cancer have an increased risk of several adverse health outcomes later in life which include secondary cancers, cardiovascular disease, fertility issues, sexual dysfunction, endocrine disorders, neurocognitive impairment, chronic fatigue, and various psychosocial problems. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Thoroughly understanding these late effects can help to inform ongoing efforts to develop and implement prevention and screening programs aimed at managing and mitigating the burden of chronic disease associated with cancer and its treatment. [17] [18] [19] [20] [21] [22] [23] [24] [25] Hodgkin and non-Hodgkin lymphoma are hematological malignancies common in both children and adults. 1, 2 Advances in cancer treatment have led to improved survival rates for both Hodgkin and non-Hodgkin lymphoma patients with current 5-year survival estimates at approximately 85% and 65%, respectively. 1, 2, [26] [27] [28] [29] Treatment for lymphoma typically involves chemotherapy alone or in combination with radiation, stem cell transplantation, or biologic therapies. 1 Although efficacious in the control of lymphoma, some of these therapeutic options are now recognized as causative agents in cardiovascular disease. [30] [31] [32] Given the increasing rates of survival, the younger age of onset, and the potential for cardiotoxic treatment effects, quantifying the long-term risk of cardiovascular mortality among patients with lymphoma is a timely and important task. Although there have been systematic reviews and metaanalyses investigating the risk of metabolic syndrome 33 and the prevalence of cardiovascular disease 34 in lymphoma survivors, the long-term risk of fatal cardiovascular outcomes remains unknown. [35] [36] [37] [38] [39] [40] We conducted a systematic review and meta-analysis of the observational epidemiologic literature to quantify the risk of cardiovascular mortality among lymphoma survivors relative to the general population. We hypothesized that lymphoma survivors would have an increased risk of dying from cardiovascular disease compared to the general population.
| METHODS
A protocol for this review was published in the International Prospective Register of Systematic Reviews (PROSPERO) database (registration number: CRD42016052342 (4) observational study. Terms were searched as both keywords (title/abstract words) and subject headings as appropriate. The observational study designs filter included in this search was adapted from 2 previously published filters. 42, 43 No restrictions were placed on language or year of publication. A detailed description of this systematic search strategy can be found in Table S1 . Additional articles were identified by screening the references of the eligible studies identified from the database search and by manually searching top-tiered journals that publish epidemiologic studies on cancer or heart disease. This search strategy was re-run on 7 November 2017 to ensure that it was up-to-date at the time of manuscript submission.
| Eligibility criteria
An assessment of study eligibility was independently undertaken by 2 reviewers in duplicate (DJB and AM). Eligibility was assessed in a two-stage process. In the first stage, the title and abstracts of each study were screened. Studies were considered for full-text review if they met all of the following criteria: (1) the study was published in a peer-reviewed journal; (2) original data were presented; (3) human participants were under investigation; (4) the article was relevant to the objectives of this review. In the second stage, the remaining studies were assessed in their entirety. To be included in this review, an investigation had to satisfy all of the following criteria: (1) the population studied were patients with a diagnosis of and prior treatment for lymphoma; (2) the patients survived for a minimum of 5 years after diagnosis, the study had a median follow-up of at least 10 years from the time of diagnosis, or the study presented risk estimates specific to individuals who survived for 5 years or more after their diagnosis; (3) there was a comparator group that was representative of the general population; (4) the outcomes reported included standardized mortality, risk, hazards, or odds ratios, or sufficient data were provided for their calculation; (5) the study was of a cohort, case-control, nested case-control, case-cohort, or cross-sectional design. Agreement between the 2 reviewers was quantified using percent agreement and kappa statistics. Disagreements were resolved by consensus. In situations where 2 or more eligible studies were conducted on the same study population, the study with the largest sample size was retained in the review and those with smaller sample sizes were excluded.
| Data extraction and study quality assessment
Data from eligible studies were extracted using a predefined data template. For each study, data regarding the study population (sex, median age at diagnosis, and lymphoma staging), study characteristics (country, median duration of follow-up, number of survivors, and number of events), and treatment regimen (proportion receiving anthracycline chemotherapy, proportion receiving mantle field radiation, and treatment era) were extracted. When median values were not reported for relevant variables (age at diagnosis and duration of follow-up), mean values were used. Study quality was assessed by a single reviewer using the Newcastle Ottawa Scale which ranges from 0 (low quality) to 9 (high quality) and appraises studies across 3 domains: (1) the selection of participants; (2) the control of confounding; (3) and the assessment of outcomes. 44 
| Statistical analysis
The primary outcome of interest was the pooled standardized mortality ratio (SMR) describing the observed number of deaths due to cardiovascular disease among lymphoma survivors relative to the expected number of deaths due to cardiovascular disease in the general population. Given the inherent heterogeneity in the population of patients represented by this body of literature, all meta-analyses were conducted using a DerSimonian and Laird random-effects model. In situations where a study reported stratified estimates, a Mantel-Haenszel fixed effects model was used to estimate a single overall effect estimate for that study. A cumulative meta-analysis was conducted to understand how emerging studies on the association between lymphoma and treatment exposure and cardiovascular mortality changed the pooled estimate over time. Stratified meta-analyses and meta-regression were also conducted across strata defined by age at diagnosis, sex, treatment era, duration of follow-up, and treatment regimen. The standard error (SE) of the logtransformed SMR or hazard ratio (HR) was estimated using the following formula: SE (log HR) or SE (log SMR) = (log upper confidence interval − log lower confidence interval)/3.92. 45 The degree of heterogeneity in the literature was assessed using the Q-and I 2 -statistics in tandem with a visual examination of the forest plots. Sources of heterogeneity were identified using subgroup analyses and meta-regression. Publication bias was assessed qualitatively through a visual inspection of a funnel plot and quantitatively using Begg's rank correlation test and Egger's regression test for funnel plot asymmetry. The trim-and-fill method was used to explore the robustness of our results to publication bias. All analyses were carried out using the meta and metafor packages in RStudio version 1.0.143 with the exception of the subgroup and meta-regression analyses which were performed using the metan and metareg commands in Stata version 14.2.
| RESULTS

| Study characteristics
The database search resulted in the identification of 7450 articles of which 27 were deemed to be eligible for inclusion ( Figure 1 ). 
| Study quality assessment
The Newcastle Ottawa Scale score for each study is presented in Table S2 . Most studies scored 6 points (n = 11; 40.7%) or 7 points (n = 11; 40.7%) of a possible 9 points on the Newcastle Ottawa Scale. No studies included in this review excluded individuals with a history of cardiovascular disease at baseline. Six studies did not have a representative cohort of lymphoma survivors as they were conducted on clinical trial participants. Every study controlled for age and sex, and 2 studies additionally controlled for ethnicity. Aside from age, sex, and ethnicity, no other potential confounders were adjusted for in any of the analyses. All studies had an adequate duration of follow-up which we defined as 5 or more years since time of diagnosis. Five investigations did not report the way in which the outcome was captured; however, the outcome was objectively measured in the remaining studies. Fourteen studies did not describe the attrition of participants or had a loss-to-follow-up greater than 5% with no description of the lost participants.
| Meta-analyses
The pooled number of deaths due to cardiovascular disease among Hodgkin and non-Hodgkin lymphoma survivors was estimated to be 7.31 (95% CI: 5.29-10.10) and 5.35 (95% CI: 2.55-11.24) times greater than the expected number of deaths due to cardiovascular disease in the general population, respectively (Figure 2 ). The estimated pooled
SMR for all lymphoma survivors was 6.84 (95% CI: 5.09-9.20). There was no statistically significant difference in the pooled standardized mortality ratio for Hodgkin and non-Hodgkin lymphoma survivors (meta-regression Pvalue = .43). As visualized in the forest plot of the cumulative meta-analysis ( Figure S1 ), studies have consistently reported an elevated risk of cardiovascular mortality among Hodgkin lymphoma survivors over time. Due to the limited number of investigations, a cumulative meta-analysis of results from the non-Hodgkin lymphoma studies was not conducted.
Meta-analyses stratified by age at diagnosis (<21 years vs ≥21 years), sex (male vs female), duration of follow-up (<10 years vs 10 to <15 years vs 15 to <20 years vs ≥20 years), treatment regimen (radiation only vs radiation and chemotherapy), and treatment era (<1980 vs ≥1980) were conducted (Table S3) . Among Hodgkin lymphoma survivors who were diagnosed before the age of 21, the estimated SMR was 13.43 (95% CI: 9.22-19.57) which was significantly different from the estimated SMR among Hodgkin lymphoma survivors who were 21 years of age or older at the time of diagnosis (pooled SMR = 3.33, 95% CI: 2.54-4.35; meta-regression P-value = .001). This difference in the magnitude of effect by age at diagnosis was not observed in non-Hodgkin lymphoma survivors (pooled SMR age at diagnosis < 21 years = 6.23, 95% CI: 3.35-11.59; pooled SMR age at diagnosis ≥ 21 years = 6.61, 95% CI: 0.45-96.59; meta-regression P-value = .97). Among Hodgkin lymphoma survivors, there was no statistically significant difference in the estimated SMRs by sex, duration of follow-up, treatment regimen, or treatment era (meta-regression P-value > .35). These stratified meta-analyses were not conducted among studies of non-Hodgkin lymphoma survivors because of insufficient information.
| Assessment of heterogeneity
The degree of heterogeneity in this evidence base was considerable (Q statistic < 0.01; I 2 statistic >94.0%). Potential sources of heterogeneity assessed through subgroup
meta-analyses and meta-regression are presented in Table 2 . Among studies of Hodgkin lymphoma, the median age at diagnosis (<21 years vs ≥21 years) and the percent of participants who had stage I or stage II lymphoma (<50% vs ≥50%) were statistically and clinically significant sources of heterogeneity (meta-regression P-value <.05). Among studies of non-Hodgkin lymphoma, the maximum treatment era (<1997 vs ≥1997) and Newcastle Ottawa Scale selection score were identified as significant sources of heterogeneity (P < .05).
Although not statistically significant, the magnitude of effect reported by studies with a total Newcastle Ottawa Scale of 7 (higher quality) tended to be smaller than studies with a total Newcastle Ottawa Scale of 6 or less (lower quality) for both Hodgkin and non-Hodgkin lymphoma.
| Publication bias
There was no evidence of statistically significant publication bias according to Begg's test (P-value = .30) or Egger's test (P-value = .12). However, the presence of funnel plot asymmetry ( Figure S2 ) suggested a potential lack of small studies reporting small effect sizes. Therefore, we carried out the trim-and-fill procedure. Using this method, the number of studies estimated to be missing was zero and the overall effect estimate was unchanged. When repeating these analyses for studies on Hodgkin and non-Hodgkin lymphoma survivors separately, we similarly found a lack of evidence that would suggest publication bias (data not shown).
| DISCUSSION
Our findings suggest that both Hodgkin and non-Hodgkin lymphoma survivors have an elevated risk of experiencing a fatal cardiovascular event compared to the general population. This association is unlikely to be spurious according to Bradford Hill's criteria for causation. 73 The magnitude of the estimated effect along with the consistency of the association and its established temporality argue strongly against a spurious association and suggest a possible causal relationship. Further, previous studies have found a dose-response relation between the amount of chest radiation and the cumulative dose of anthracyclines with cardiovascular disease risk which provides support for a biologic gradient. 9, [74] [75] [76] Lastly, there is a high degree of biological plausibility with respect to the relation of interest. Anthracyclines are established cardiotoxic agents which are thought to impact cardiovascular function through the production of reactive oxygen species and other biologic mechanisms. 32 Radiation therapy is known to cause direct damage to the heart and surrounding vasculature. 30 In addition, exposure to anthracyclines and chest radiation have been associated with intermediate endpoints on the causal pathway such as atherosclerosis and reduced left ventricle function. 77, 78 There is evidence that individuals treated for Hodgkin lymphoma before the age of 21 may be at a particularly high risk of cardiovascular mortality. Our stratified meta-analyses showed that there were statistically and clinically significant differences in the estimated SMR by age at diagnosis. This age difference in the susceptibility to the cardiovascular effects of cancer treatment has been described in previous reviews, and there exist several plausible mechanisms. 79, 80 Cancer treatment may impair normal cardiovascular development among children and young adults which could partially explain the observed age differences in the estimated effect. Alternatively, a developing cardiovascular system may be more susceptible to the cardiotoxic insults of cancer treatment. This disparity may also reflect differences in treatment regimens as participants treated during childhood would have received treatment in an earlier era when the dose of anthracyclines and the prevalence of mantle field radiation were higher compared to more recent eras. 81 Cancer treatment could also indirectly affect the risk of cardiovascular disease mortality by impacting various behavioral and psychosocial determinants of health. 82, 83 These indirect pathways may play a lesser role in mediating the relation between lymphoma treatment and cardiovascular disease risk among those treated later in life which could partially account for this heterogeneity. Regardless of the underlying mechanism, our results suggest that childhood Hodgkin lymphoma survivors are a population with a particularly high risk of experiencing a fatal cardiovascular event.
There exists considerable heterogeneity in this body of literature. Both age and lymphoma stage at the time of diagnosis were clinically and statistically significant sources of heterogeneity. There was also a suggestion that treatment characteristics and study quality were important sources of heterogeneity. As expected, larger effect estimates were reported in studies with a greater proportion of participants who received anthracyclines and in studies conducted before 1997 (see Table 2 ). The larger effect estimates among studies conducted prior to 1997 may be attributable to increased anthracycline and mantle field radiation exposure, as previously described, or may be due to the longer duration of follow-up. 81 Although not statistically significant, investigations where a greater proportion of patients received mantle field, extended field, or total nodal radiation tended to report smaller effect estimates. The unexpected direction of this trend may be artifactual or due to confounding at the individual level. Across all domains of the Newcastle Ottawa Scale, there was a consistent trend that larger effect estimates were reported in lower quality studies. The main reasons for the lower study quality were the predominant inclusion of patients from clinical trials, the failure to adjust for ethnicity, and the potential for bias due to loss-to-follow-up. Given the limitations in the literature, 3 important caveats should be considered when interpreting the results | BOYNE Et al.
from this meta-analysis. First, there is a risk of bias in our pooled effect estimates due to failure to adjust for potential confounders such as tobacco use, the presence of diabetes, and other risk factors associated with both lymphoma and cardiovascular disease. [84] [85] [86] As the individual studies did not adjust for cardiovascular disease risk factors aside from Although the median follow-up was less than 10 y, the study was included because it presented risk estimates stratified by follow-up.
e Study did not report the median age at diagnosis, but all participants were diagnosed with lymphoma before the age of 15 y.
f Expected value calculated using available information.
age, sex, and ethnicity, the estimated pooled SMR may have overestimated the true SMR of cardiovascular mortality in this study population. However, it is unlikely that the observed association is entirely explained by residual confounding given the large magnitude of effect. Second, it is probable that a single pooled effect estimate inadequately individuals receiving more modern treatment modalities or to older adults diagnosed with lymphoma as most individuals in the evidence base were treated for lymphoma in the 20th century and were diagnosed with lymphoma before the age of 40.
| CONCLUSIONS AND FUTURE
DIRECTIONS
We have identified areas of future research based on the limitations of the evidence base. Future studies should attempt to control for potential confounders in addition to age, sex, and ethnicity. Investigators are encouraged to use directed acyclic graphs and g-methods to separate the potential time-varying confounding effects of psychosocial and lifestyle variables. In addition, future studies should strive to report a greater number of pre-and post-treatment patient characteristics (eg, obesity, tobacco use, the presence of comorbidities), disease features (eg, subtype of Hodgkin and non-Hodgkin lymphoma), and treatment variables (eg, the median treatment era, the proportion who received anthracyclines) with a higher level of granularity. Authors are also encouraged to assess and report on the extent to which loss-to-follow-up may have biased their estimates and to consider exploring modification by age at diagnosis, stage, and prior history of cardiovascular disease. Lastly, the majority of research to date has focused on individuals diagnosed with lymphoma during childhood or young adulthood and there is a need for additional research that focuses on persons diagnosed with lymphoma later in life. While clarifying the independent relation between prior lymphoma diagnosis and cardiovascular disease is important, the evidence to date suggests that patients with a history of lymphoma are at heightened risk for cardiovascular mortality. Even if the magnitude of the associations documented within this meta-analysis are influenced by residual confounding and other sources of bias, healthcare providers should recognize that persons with a prior history of lymphoma, particularly if diagnosed with Hodgkin lymphoma before the age of 21, are at an increased risk of adverse cardiovascular outcomes. These findings highlight the importance of implementing cardiovascular surveillance, prevention, and screening interventions in lymphoma survivors. 
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